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Abstract: Rool developmenl was examined in rools of young olive trees (Olea europaea L., ev. Manzanillo) grown 
noder wet aud dry water regimes. Cross sectiODS st sequendal positions "ere obsened alODg tbe roo' axis from !be 
ape. np lo 18 cm from Ibe rool tip al inlervals of 3 cm. An inde. was estabUsbed lo facUitale developmenl 
comparisons. Complete transition lo secondary growtb was found c10ser lo tbe apex in tbe roots grown in dry soD (al 
9 cm) Iban In Ibe roots grown in watered soD (al 12 cm). Up lo 5 cm from Ibe rool tip, Ibe cortical tissue was wider in 
Ibe roots groWD in dry soD Iban in walered soD. Based on malurily stage, bolb lotal rool and central cyUnder radü 
were greater for (he dry than 'he ¡rrigated treatment. No tlifference between treatments was ronnd in metaxylem vessel 
dlameter. 
1. Introduction 
The olive tree, Olea europaea L., is well-adapted to 
grówth under dry conditions (Fereres, 1984). Abd El 
Rahman and El Sharkawi (1974), Natali et al. (1985) 
and Fernández et al. (1993) report that non-irrigated 
olive trees grown under Mediterranean conditions 
were able to maintain high transpiration rates similar 
to those measured in irrigated trees. Tombesi et al. 
(1984) and Xiloyannis et al. (1986) suggested root-
system water-absorption capacity as a likely explana-
tion for the observed high water-use efficiency of 
olive. High root-system efficiency is also indicated by 
the rapid recovery of leaf water potential in stressed 
trees after rewatering (Fernández et al., 1993). 
It is generally held that the ability of rQots to 
absorb water is related to their anatomical characteris-
tics (Atkinson, 1980), that water stress produces ana-
tomical changes in roots (Ciamporova, 1981) and that 
the root system structure plays a decisive role in plant 
adaptation to water deficits (Vartanian, 1981). Recent 
studies (Fraser et al., 1990; Robertson et al., 1990) 
provide information concerning the celIular response 
to the reduced extension rate of roots under water 
stress. As with root development in general, however, 
very little knowledge is available for roots under field 
conditions (McCulIy, 1987). 
Distribution of the root system of olive trees has 
been examined by Pisanu and Corrias (1971), Miche-
lakis and Vougioucalou (1988) and Fernández et"al. 
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(1991), alI of whom noted a strong influence of water 
supply on root-system development. Little is known, 
however, about the degree to which olive root ana-
tomy is affected by water deficits nor the possible role 
of root structure in the adaptation of the olive tree. 
The present study attempts to characterize the re-
sponse of olive roots to water stress by examining root 
development under wet and dry growth conditions. 
2. Material and Methods 
The experiment was carried out in the experimental 
orchard of the Instituto de Recursos Naturales y 
Agrobiología in Seville, Spain. Roots were taken from 
two-year-old trees (Olea europaea L., cv. Manzanillo) 
grown from rooted cuttings. In January each tree was 
transplanted from a 5-liter pot to a 0.8 m 3 container 
with sandy-Ioam soil (22.6070 cIay, 13.4% silt, 36.5% 
fine and 27.5% coarse sand) taken from the experi-
mental orchard. Six trees homogeneous in size and 
development were chosen; groups of three were sub-
jected to two water regimes: a) irrigation treatment; 
with soil about field capacity throughout the experi-
mental period; and b) dry treatment, no water supply, 
with only one irrigation inmediatelIy after planting in 
the containers. 
Four months from the start of treatment, the soil 
around the roots of each tree was carefulIy removed 
using a jet of water at low pressure. Three main roots 
of each tree were randomly selected for the anatomi-
cal studies. Seven sequential 0.5 cm samples were 
taken at 3 cm intervals along the root axis. Inmediate-
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Iy after cutting, the root samples were fixed in a 
solution of forrnalin: acetic acid: 50 OJo ethanol (1: 1: 18 
by volume). The fixed material was dehydrated in a 
TBA (tertiary butyl alcohol) series, embedded in par-
affin (Jensen, 1962), and 12 mm cross sections were 
obtained using a rotary microtome. Hard material 
was softened prior to sectioning by soaking the 
trimmed paraffin block in 1 % sodium lauryl sulfate 
and glycerol (9:1 v/v) (Alcorn and Ark, 1952). The 
sections were stained with safranin, crystal violet and 
light green yellowish (Gerlach, 1969). 
Observations and measurements utilized three non-
consecutive sections from six samples per root posi-
tion and treatment. Stage of development from pri-
mary to secondary growth (Esau, 1977) was scored 
according to a maturity index (Table 1) indicating the 
degree of vascular cambium development. Measure-
ments of total root and central cylinder (stele) radius 
were made with the aid of a microscope stage micro-
meter. The inner wall of the endodermal cells was 
considered the external limit of the central cylinder. 
The radial width of each zone was determined by 
averaging the horizontal and vertical radü, thus taking 
into account variations wíthin the root and possible 
tissue compression during sectioning. 
Table 1 - Maturity index based on the degree oC vascular cambium 
development used to standarize the transition from pri-
mary to secondary growth 
Maturity index State of development 
1 Primary growth onIy. No vascular cambium present 
2 Vascular cambium discontinuous 
3 Vascular cambium continuous bui lobed 
4 Vascular cambium continuous and circular 
Xylem vessel diameter was measured using a Rei-
chert Visopan projection microscope. External dia-
meter, inc1uding the cell wall, was ·measured for three 
representative-size mature metaxylem vessels in each 
of three sectors per section in· roots of appropriate 
maturity. The number of sections observed for each 
root position is shown in Table 2. 
Table 2 - Root metaxylem vessel diameters for the irrigated and dry 
treatments. Radial diameter (cell diameter paraleO to the 
rool radius) was measured foe three representative-size 
matuTe vessels in each oC three sectOTS oC the root cross 
section. Diameter data represent meaos oC those measure-
ments ± standard error (0= number of cross sections 
observed). No difference between treatments was found (t-
test, P<0.14) 
lrrigation treatment Root position 
(distance from 
apex. cm) no. diameter (¡J.m) 
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0-0.5 
3·3.5 
6-6.5 
Average 
8 
2 
10 
1O.19±0.41 
1O.26±0.47 
10.21 ±0.34 
Dry treatment 
no. diameter (¡J.m) 
6 
4 
10 
9.1O±0.28 
11.02±0.14 
9.86±0.35 
3. Results 
Maturity index scores for consecutive positions 
along the root (Fig. 1) indicate a transition from 
primary to secondary growth closer to the root apex in 
the dry than in the irrigated treatment. Roots 3 cm 
from the apex had started the transition to secondary 
growth under dry conditions and by 9 cm from the 
apex secondary growth was complete. In the irrigated 
treatment that transition occurred between 6 cm and 
12 cm. Thus between the 3 and 9 cm positions, for 
equivalent distances from the apex, the degree of 
maturity was significantIy greater in roots of the dry 
than of the irrigated treatment. 
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Fig. 1 - Maturity index measured along roots of each treatment. 
Measurements were made in six sequential 0.5 cm samples 
taken at 3 cm intervals along the root axis. Each poiot 
represents the mean ± tbe standard error (the maturity 
index is explained in "Material and Methods" and surnmar-
ized in Table 1). 
Root radius decreased at increased distance from 
the apex for both the irrigated and dry treatments 
while central cylinder radius remained fairly constant 
(Fig. 2). There was a tendency towards a greater 
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Fig. 2 - Root and central cilynder radii measured along roots of each 
treatment. Measurements were made in six sequential 0.5 cm 
samples taken at 3 cm intervals along the root axis. Each 
point represents the mean ± the standard error. 
radius in the central cylinder and in the most acropetal 
(nearest to the apex) positions in the roots of the dry 
than of the irrigated treatment. 
Root and central cylinder radii are shown in Figure 
3 on the basis of maturity index scores for individual 
roots. This approach, based on the same individual 
measurements used to obtain the results in Figures I 
and 2, eliminates the variability in Figure 2 due to 
diff erences in maturity at similar distances from the 
apex (Fig. 1). As with increasing distance from the 
apex (Fig. 2), root radius decreased with increasing 
maturity while central cylinder radius was constant 
(Fig. 3). At all stages of maturity, greater total root 
and central cylinder radii were found for the dry than 
the irrigated roots (Fig. 3). 
Mature metaxylem vessel diameter, measured in 
positions of comparable maturity, was similar in the 
two treatments (t-test, P < 0.14) (Table 2). Xylem di-
mensions could not be examined further due to small 
sample numbers and high variability between root 
sections in the degree of maturity. 
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Fig. 3 Root and central cylinder radii for roots of different matur-
ity indices under dry and irrigated treatments. The central 
cylinder was only considered tbrough stage 3. Each point 
represents the mean ± tbe standard error on a number from 
8 to 87 for each stage (tbe maturity index is explained in 
"Material and Methods" and summarized in Table 1). 
4. Discussiou and Conclusions 
The most striking difference in root anatomy 
between the dry and irrigated treatments was the tran-
sition to secondary growth closer to the apex in the 
dry treatment (Fig. 1). This may result from a faster 
rate of elongation in the irrigated treatment, an in-
crease of factors stimulating secondary growth in the 
dry treatment, or a combination of these. Reduced 
root-extension rate is a common response to drought 
(Fraser el al., 1990; Robertson el al., 1990). Esau 
(1977) and Kramer (1983) describe the differentiation 
of root tissues much closer to the apex for slowly 
growing than for rapidly growing roots. J aramillo et 
al. (1992) found xylem maturation much closer to the 
root apex in roots where elongation was reduced due 
to soil compaction. 
Root radius was greater in the dry than irrigated 
treatment (Figs 2 and 3). This result may be similar to 
the thickened roots which form in Sinapis alba under 
drought stress (Vartanian, 1981). It is unclear to what 
extent mechanical stress in the dry soil may have 
influenced our results. Root thickening due to me-
chanical impedance is a well-documented response 
(Wilson el al., 1977). Fraser el al. (1990) found the 
opposite, that is reduced root diameter under water 
stress, when roots were grown in vermiculite to elimin-
ate mechanical stress due to dry soil. Increased radius 
of the stele, the central cylinder, was responsible for 
the slightIy increased root radius under the dry treat-
ment (Figs 2 and 3). This result differs from that of by 
Wilson el al. (1977) that root thickening under me-
chanical stress is primarily due to the stele. 
Although further studies are necessary, certain spe-
culation is possible as to the significance of these 
features in the adaptability of the olive root system to 
water stress. The more rapid maturation found closer 
to the apex in the dry treatment may allow increased 
water movement through the root system due to the 
increased water flux associated with secondary vascu-
lar development (Oosterhuis and Wulschleger, 1987). 
The lack of reduction in metaxylem vessel and central 
cylinder size under drought suggests that resistance to 
water flow is not reduced in these tissues (Richards 
and Passioura, 1981). 
The maturity index (Table 1) proved a useful tool 
both for quantifying the degree of development (Fig. 
1) and providing a basis for the comparison of root 
growth (Fig. 3) and xylem vessel diameter (Table 2). 
In similar approaches Danilova (1981) designated 6 
zones based on external features such as the presence 
of root hairs and lateral roots, and Kevekordes el al. 
(1988) established developmental stages for the late 
metaxylem. Developmental indices such as these are 
especially critical in organs like roots in which growth 
is hidden from observation. 
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Fig. 1 - Maturity index measured along roots of each treatment. 
Measurements were made in six sequential 0.5 cm samples 
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